Parasitic filarial nematodes cause debilitating infections in people in resource-limited countries. A clinically validated approach to eliminating worms uses a 4-to 6-week course of doxycycline that targets Wolbachia, a bacterial endosymbiont required for worm viability and reproduction. However, the prolonged length of therapy and contraindication in children and pregnant women have slowed adoption of this treatment. Here, we describe discovery and optimization of quinazolines CBR417 and CBR490 that, with a single dose, achieve >99% elimination of Wolbachia in the in vivo Litomosoides sigmodontis filarial infection model. The efficacious quinazoline series was identified by pairing a primary cell-based high-content imaging screen with an orthogonal ex vivo validation assay to rapidly quantify Wolbachia elimination in Brugia pahangi filarial ovaries. We screened 300,368 small molecules in the primary assay and identified 288 potent and selective hits. Of 134 primary hits tested, only 23.9% were active in the worm-based validation assay, 8 of which contained a quinazoline heterocycle core. Medicinal chemistry optimization generated quinazolines with excellent pharmacokinetic profiles in mice. Potent antiwolbachial activity was confirmed in L. sigmodontis, Brugia malayi, and Onchocerca ochengi in vivo preclinical models of filarial disease and in vitro selectivity against Loa loa (a safety concern in endemic areas). The favorable efficacy and in vitro safety profiles of CBR490 and CBR417 further support these as clinical candidates for treatment of filarial infections.
INTRODUCTION
Parasitic filarial nematodes, including ones that cause lymphatic filariasis and onchocerciasis (also known as river blindness), were estimated in 2013 to infect 43.8 million and 17 million people worldwide, respectively (1) with more than a billion at risk of infection (2) . Neither lymphatic filariasis nor onchocerciasis is commonly lethal; however, they are a recognized source of considerable morbidity and suffering (3) . In addition to acute symptoms, these long-term infections often result in disfigurement and social discrimination and contribute to increased poverty of the afflicted individuals and their families. Both lymphatic filariasis and onchocerciasis are caused by long-lived filarial nematodes (roundworms) transmitted by bloodfeeding insect vectors. Onchocerciasis is caused exclusively by Onchocerca volvulus, and lymphatic filariasis is caused mainly by Wuchereria bancrofti and by the closely related Brugia species (Brugia malayi and Brugia timori). Although the adults (macrofilariae) persist within human hosts for up to 15 years, they release thousands of microfilariae each day that either are the main cause or contribute to symptoms of disease and are also the developmental stage responsible for transmission back to the insect vector.
There is no short-course cure for these infections, and current control treatments have been centered on mass drug administration (MDA) campaigns to interrupt transmission and to alleviate symptoms for the duration of the reproductive life span of adult female parasites, variably estimated at 5 to 8 years (4). The recommended treatment for onchocerciasis is the drug ivermectin (Mectizan), administered at least once yearly to all at risk of infection. Ivermectin works by killing microfilariae and temporarily sterilizing, but not killing, adult worms. Current recommended treatment for lymphatic filariasis varies by geography: albendazole together with ivermectin in Africa where onchocerciasis is coendemic with lymphatic filariasis and albendazole with diethylcarbamazine in the rest of the world. These treatments likewise lead to the death of microfilariae, not the adult parasites, and these drug regimens must be maintained for at least 5 years. Although MDA of ivermectin for onchocerciasis has been ongoing for more than 25 years (5), there are concerns over development of drug resistance (6) , which has already been reported in veterinary medicine (7, 8) ; the extensive MDA coverage that must be achieved to meet elimination targets (9, 10) ; and with overall compliance of at-risk populations (11, 12) . In addition, treatments with diethylcarbamazine or ivermectin are contraindicated in patients with a high load of microfilariae of the African eye worm Loa loa (>30,000 to 50,000 microfilariae/ml of blood) due to severe adverse events (13) . Lower densities of microfilariae can also cause other, non-neurological adverse events, and overall concern over the potential for L. loa-associated side effects can reduce adherence to MDA campaigns (12) .
An attractive and clinically validated strategy for developing a treatment to selectively kill adult worms is targeting the bacterial endosymbiont of onchocerciasis-and lymphatic filariasis-causing worms, Wolbachia, which is absent from L. loa nematodes. Wolbachia are Gram-negative obligate intracellular bacteria that are widely distributed among a variety of arthropods, where they are considered to be reproductive parasites, known for induction of parthenogenesis, feminization, and male killing (14) . In filarial nematodes, Wolbachia are essential endosymbionts, needed by adult worms for both reproduction and viability. Early experiments have shown that tetracycline treatment could prevent experimental infections of rodents with Brugia (15) and Litomosoides sigmodontis but not with the Wolbachia-free species Acanthocheilonema viteae (16) . The finding that Wolbachia is widely distributed among filarial nematodes (17) stimulated great interest in antibiotic antifilarial therapy (18) . Subsequently, it has been shown in humans that treatment with doxycycline over a period of 4 to 6 weeks to eliminate Wolbachia from adult worms is sterilizing and eventually macrofilaricidal, with the life span of Wolbachiadepleted worms reduced by 70 to 80% (from ~10 years to 2 to 3 years) (19) (20) (21) (22) . An added benefit of this approach is potential reduction of inflammation because adverse inflammatory reactions to anthelmintic treatment have been associated with Wolbachia released in patient plasma (23, 24) . However, doxycycline is contraindicated for treatment of pregnant women and children under 8 years of age. The prolonged length of treatment also represents potential challenges with compliance and contributes to cost of therapy, highlighting the need for faster, safer, and more effective therapies. Here, we describe the identification of quinazolines CBR417 and CBR490 that are able to achieve very rapid clearance of Wolbachia from filarial nematodes in in vivo preclinical models of disease and offer the potential for development of a short-course cure to treat filarial worm infections.
RESULTS
Primary high-throughput phenotypic screen identifies compounds with specific antiwolbachial activity Because no nematode cell lines have been established to date, to rapidly identify compounds with antiwolbachial activity, we adapted and miniaturized an in vitro high-content imaging assay, which relied on Drosophila melanogaster cells naturally infected with wMel strain of Wolbachia (25) . In the adapted assay, we used the LDW1 cell line (26) and two fluorescence in situ hybridization (FISH) probes specific to Wolbachia 16S ribosomal RNA (rRNA) to unambiguously stain Wolbachia and measure bacterial load inside host cells (Fig. 1, A to C) . Wolbachia are sensitive to tetracycline and rifamycin antibiotics (27, 28) , and these controls demonstrated specific antiwolbachial activity in the assay, with doxycycline's half-maximal inhibitory concentration IC 50 = 279 nM and rifampicin IC 50 = 5 nM (Fig. 1D) . Optimized assay conditions yielded a robust assay with Z′ factors of >0.5 (table S1) . Further miniaturization to 1536-well format did not reduce assay quality (Fig. 1C and Table 1 ). Using this optimized assay, we screened ~300,368 small molecules from established libraries, including ReFRAME (29) , for antiwolbachial activity (table S1) , with an overall hit rate of 0.70%. Reconfirmed hits were tested against Wolbachia in dose response and for cytotoxicity in the mammalian human embryonic kidney (HEK) 293T and HepG2 cell lines (table S1) We identified a number of known drugs and bioactive molecules among our potent and selective hits including antibiotics, signal transduction modulators, antineoplastics, antifungals, and antivirals (Fig. 2,  fig. S1 , and table S2). Antibiotics made up the largest category (46%) of the identified known drugs and included tetracyclines, rifamycins, peptide deformylase inhibitors, pleuromutilins, fluoroquinolones, and aminocoumarins. Many of these displayed exquisite potencies against Wolbachia in vitro (e.g., coumermycin IC 50 = 1.5 nM). Among the antiwolbachial antibiotic hits, we also identified macrolide antibiotics tylosin and its derivative tylvalosin, with wMel IC 50 values of 720 and 350 nM, respectively. However, poor bioavailability, previously identified toxicity liabilities, challenging and costly synthesis, and, most importantly, lack of retained activity against filarial Wolbachia made these unattractive for repurposing or further development.
We also identified a number of novel compounds among the hits. To determine whether these antiwolbachial hits were Wolbachiaspecific and/or had antibiotic activity, we screened them against a panel of extracellular bacteria. As expected, antibiotics and known drugs showed activity against many bacterial species, but very few novel small molecules inhibited microbial growth, even at the highest concentration tested of 20 M (Fig. 2 and table S3 ). This suggests that the novel chemical scaffolds identified in our screen had Wolbachiaspecific activity or acted on a host cell process required for Wolbachia's intracellular survival. Likewise, the optimized quinazoline leads CBR417 and CBR490 did not generally inhibit extracellular bacterial growth (table S4) .
A worm-based ex vivo assay rapidly identifies hits with antifilarial Wolbachia activity Our primary cell-based assay identified compounds with activity against wMel, a strain of Wolbachia that infects D. melanogaster. Validation of antiwolbachial compound activity against filarial Wolbachia commonly requires in vivo models, which is not amenable to rapid compound optimization cycles and has impeded drug discovery efforts. To overcome this limitation, we developed an orthogonal ex vivo validation assay that would allow us to prioritize hits in a native context against filarial Wolbachia (Figs. 3 and 4A and  fig. S2 ). On the basis of previous studies (25), we selected quantification of filarial Wolbachia stained via 16S rRNA FISH near a convenient landmark for quantification, the ovary distal tip cell (DTC), of B. pahangi to validate our primary screen hits. The Wolbachia distribution in the ovaries is predictable and consistent compared to the variable distribution in hypodermal chords, with highest concentrations near the DTC (Fig. 3 , A to F, and figs. S2, A and B) (30) . This population appears more refractive to compound treatment in the 3-day ex vivo assay compared to the population found in the hypodermis (Fig. 3, G and H) , as has also been observed in Onchocerca ochengi worms in vivo (31) . Moreover, the reproductive tract is a relevant site for antiwolbachial drug action, and clearance in germline stem cells is likely critical to prevent recrudescence of the bacteria after cessation of treatment.
Doxycycline treatment of up to 9 M was insufficient to completely clear wBp from B. pahangi ovaries in 3 days, but 1 and 3 M treatments eliminated about 75% of Wolbachia, with an estimated EC 50 of 441 ± 64 nM (Fig. 4, B to D) . A similar result was observed with wBm strain of Wolbachia in B. malayi nematodes, where a 1 M doxycycline treatment eliminated 72.5% of Wolbachia ( fig. S3 ). Benchmarking on this doxycycline activity, we established a validation threshold for our candidate antiwolbachial compounds of ≥75% wBp elimination from the distal ovary at a compound concentration of 1 M (Fig. 4B) .
The ex vivo validation assay could be performed in 11 days, considerably reducing optimization cycle times versus the 3-month-long in vivo validation assays but was labor intensive, relying on nematode dissection and confocal imaging. Thus, on the basis of activity and structural similarity clustering, we chose to test 137 of our 299 primary hits (i.e., the most potent of any closely related analogs; Fig. 4E ). Of these, 32 showed a ≥75% wBp elimination at 1 M, for a validation rate of 23.4% (tables S1 and S5). The percent elimination of wBp in worm ovaries was not generally correlated to compound potency observed in the primary D. melanogaster cell-based assay (R 2 = 0.00048; Fig. 4F ). Motility of worms was not affected by most of the compounds assayed, with the exception of methylene blue (table S2) . Structure analysis of novel molecules demonstrated an enrichment of a quinazoline scaffold among validated compounds: Of 11 quinazolines tested in the secondary assay, 8 quinazolines showed activity superior to doxycycline (Fig. 4F) . Members of this series displayed in vitro activity that correlated more with their activity in the ex vivo validation assay (R 2 = 0.3658) compared to all validated compounds (R 2 = 0.0023; Fig. 4G ). Because quinazoline heterocycles are present in many of biologically active compounds including antibacterials (32, 33) , we focused on this series to improve their physiochemical properties and metabolic stability and their activity against filarial Wolbachia.
Quinazoline series demonstrates potent antifilarial Wolbachia activity ex vivo and drug-like properties
We carried out a medicinal chemistry campaign to optimize the potency, safety, and physiochemical and pharmacokinetic properties of the quinazoline series, starting with the screen hit CBR008. This involved iterative profiling of analogs in the in vitro cell-based and ex vivo worm-based assays to determine their antiwolbachial activity. Compounds with ≥90% wBp elimination at 1 M in the worm-based assay underwent absorption, distribution, metabolism, and excretion (ADME) profiling to assess cytochrome P450 (CYP) and human ether-a-go-go related gene (hERG) inhibition (to understand potential drug-drug interaction and cardiotoxicity liabilities of the compounds, respectively), metabolism in human and mouse liver microsomes, permeability in Caco-2 cells, kinetic solubility, and plasma protein binding. Analogs with favorable properties (CBR422, CBR625, CBR715, CBR417, and CBR490) were advanced for pharmacokinetic studies in mice ( Fig. 5 ) to determine whether their profiles were suitable for once-a-day (QD) or twice-a-day (BID) dosing in the in vivo preclinical models of infection (e.g., when dosed orally in mice at ≤50 mg/kg maintained plasma exposure over their wBp EC 90 values for at least 8 hours). As for doxycycline, the quinazoline series compounds had comparable antiwolbachial activity in B. pahangi and B. malayi worms in the ex vivo assay (determined for CBR422 and CBR625; fig. S3 ). Briefly, we found that replacing the amide with an oxadiazole isostere or methylpyridine at the C2 position of the quinazoline core and the trifluoromethyl with a pentafluorosulfanyl group improved the in vitro and ex vivo potencies while increasing metabolic stability and pharmacokinetic properties of the compounds. This effort led to the initial lead CBR422 and the advanced (CBR625 and CBR715) and optimized (CBR417 and CBR490) quinazolines that had excellent potency, selectivity, and ADME properties (Table 1  and table S6 ). Specifically, compared to screen hit CBR008, these analogs demonstrated improved in vitro and ex vivo potencies (wMel IC 50 ≤ 33 nM; wBp EC 50 ≤ 356 nM) and an acceptable selectivity index, were orally bioavailable in mice, and had excellent pharmacokinetic properties with a prolonged blood plasma exposure time over EC 90 when dosed at ≤50 mg/kg (>12 to >24 hours; Fig. 5 
Optimized quinazoline series demonstrates in vivo efficacy with shortened duration of treatment in preclinical model of filarial infection
A gold-standard in vivo preclinical model for assessing activity of antifilarial compounds within a reasonable period of time uses mice infected with a filarial parasite of rodents, L. sigmodontis (Fig. 6A ) (16, 34) . Because L. sigmodontis are hosts to the Wolbachia endosymbiont, this is also an excellent preclinical model to assess antiwolbachial compound action, which is performed using qPCR to determine the Wolbachia ftsZ gene to the L. sigmodontis actin gene ratio in female adult worms recovered from mice at the end of the experiment (4 to 6 weeks after treatment start and 65 to 77 days after infection). A series of studies in this model demonstrated that quinazoline potency in the ex vivo worm-based assay, together with the ability of the compounds to achieve good exposure after oral dosing, were essential for achieving efficacy. For example, an early analog, CBR063, with good ex vivo potency (IC 50 = 89 nM; EC 50 = 97 nM) failed to achieve Wolbachia clearance in vivo (Fig. 6B) , likely due to a comparably inferior pharmacokinetic profile (C max = 119 ± 38.3 ng/ml; Fig. 5A ; table S7). However, quinazoline analogs CBR422, CBR625, CBR715, CBR417, and CBR490, with excellent ex vivo potency and pharmacokinetic profiles, all proved efficacious in vivo with <14-day dosing regimens (≤60 mg/kg BID; >99% median Wolbachia clearance) and were significantly (P < 0.05 to P < 0.0001) superior to the 14-day doxycycline control (40 mg/kg BID) ran in parallel (Fig. 6B, fig. S5 , and Table 2 ). Ability to achieve efficacy in preclinical models with a shortened duration of treatment (≤7 days) is a desired profile because a reduced dosing schedule for an antiwolbachial medication has the potential to facilitate treatment and improve compliance. Therefore, we explored shortened treatment regimens for the efficacious quinazoline analogs. Efficacy (99.80% Wolbachia elimination) was achieved with CBR625 7-day dosing (60 mg/kg BID) and near-target efficacy (98.95% elimination) with dosing (60 mg/kg QD; fig. S5A and Table 2 ). Likewise, an oral 7-and 12-day treatment of CBR715 at 50 mg/kg BID eliminated 98.86 and 99.80% of Wolbachia, respectively ( Fig. 6B and Table 2 ). Sparse pharmacokinetics (PK) sampling during in vivo studies confirmed relative exposures of the tested quinazolines ( fig. S4 ). Furthermore, an oral 4-day treatment at 60 mg/kg QD with the optimized quinazolines eliminated 99.80% (CBR490) and 99.96% (CBR417) of Wolbachia in L. sigmodontis adult female worms, significantly superior (P = 0.0013 for CBR490 and P < 0.0001 for CBR417) to the 14-day doxycycline control ran in parallel (95.21% elimination; Fig. 6B and Table 2 ).
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Because of the demonstrated potency and favorable exposures of optimized quinazolines CBR417 and CBR490 [time over EC 90 of 72 hours for a single oral dose (100 mg/kg); table S7], we investigated whether an even more markedly abbreviated efficacious dosing regimen with these compounds was attainable. Both CBR417 and CBR490 were dosed at 100 mg/kg once per week over a 2-week period (two doses total) in the mouse/L. sigmodontis model, and a single dose (200 mg/kg) was also evaluated. All treatment regimens eliminated >99% of Wolbachia in L. sigmodontis adult female worms, significantly superior (P < 0.01) to the 14-day doxycycline control ran in parallel (95.21% elimination; Fig. 6B and Table 2 ). Examination of in vivo efficacy in response to diverse dosing regimens showed that the dose of CBR490 was equally correlated to in vivo efficacy (R 2 = 0.7263) as was total dose (R 2 = 0.713; fig. S6 ). Too few data points were available for CBR417 to make a conclusive analysis.
CBR417 and CBR490 demonstrate favorable safety profiles in preclinical studies
CBR417 and CBR490 safety profiles were more extensively assessed (Table 3 ). Both compounds were well tolerated in mouse in vivo efficacy studies, even when administered at high doses (200 mg/kg; single dose) or for prolonged periods of time [CBR490 daily total dose (60 mg/kg) for 11 days]. Neither compound showed intrinsic mutagenic potential based on negative results in mini-Ames, in either the absence or the presence of rat liver S9 mix for metabolic activation. Micronucleus assays also did not reveal inherent genotoxicity potential. The CBR417 oxadiazole did not strongly inhibit hERG or CYP enzymes (the latter assessed for potential drug-drug interactions), and neither compound caused human pregnane X receptor (PXR) activation (a hallmark of CYP3A4 induction). A prospective cardiovascular liability due to hERG inhibition was identified for CBR490 in preliminary profiling assays (IC 50 = 7.07 M); however, a cardiac safety panel revealed no significant hits for either compound (table  S8) . To explore other potential off-target effects that could lead to in vivo toxicity, the Eurofins Cerep-Panlabs safety screen against 44 selected targets was carried out and identified 12 targets significantly inhibited (>50%) by CBR490 and only three inhibited by CBR417 (table S9) . In summary, these findings demonstrate the favorable safety profiles of CBR417 and CBR490 quinazolines.
Advanced quinazoline lead eliminates Wolbachia in B. malayi and Onchocerca adult worms in vivo
Because of the demonstrated efficacy of optimized quinazoline analogs against Wolbachia in L. sigmodontis, we assayed one of these advanced leads (CBR715) for efficacy in preclinical murine models of B. malayi and Onchocerca adult worm infections. Retention of compound activity in the Onchocerca model was of particular concern because both the Wolbachia endosymbionts and the Onchocerca hosts are more distantly related from the above host/endosymbiont models: 5 . Optimized quinazoline antiwolbachials demonstrate superior pharmacokinetic profiles. Mice were dosed orally with compounds at indicated amounts. Concentration of each compound in plasma was monitored for at least 24 hours. For each compound, wBp EC 90 values established in the worm-based ex vivo assay are indicated by a red dashed line. Exposure profiles of (A) the primary screen hit amide CBR008 and its more potent analog CBR063, (B) the oxadiazole series lead CBR422, (C) the advanced lead oxadiazole CBR625, (D) the optimized series lead oxadiazole CBR417, (E) the advanced lead methylpyridine CBR715, and (F) the optimized series lead methylpyridine CBR490. CBR008 and CBR063 were formulated in polyethylene glycol 300/5% dextrose in water (3:1, v/v); all other compounds were formulated in 40% (2-hydroxypropyl)--cyclodextrin. Means ± SD (n = 3 mice) are shown.
Wolbachia of Onchocerca species belong to supergroup C, whereas Wolbachia of the more closely related L. sigmodontis and Brugia spp. belong to supergroup D (35) (36) (37) . The only available in vivo model of Onchocerca adult worms uses the bovine parasite O. ochengi (38) , which is a sister species and the closest relative of the human river blindness parasite, O. volvulus (39) .
The severe combined immunodeficient (SCID) mouse B. malayi and O. ochengi models were previously described and, similar to the mouse/L. sigmodontis efficacy model, rely on qPCR for quantification of filarial Wolbachia (38) . In the B. malayi in vivo model (Fig. 7A) , treatments with CBR715 (7-and 14-day dosing schedules at 50 mg/kg BID) eliminated >99% Wolbachia in B. malayi adult females, with the 14-day CBR715 treatment eliminating significantly more Wolbachia (P = 0.0464) compared to the 42-day doxycycline control (Fig. 7B) . Doxycycline (42 days) and both CBR715 treatments eliminated all circulating microfilariae (Fig. 7C) , and although a general trend of reduced adult worm burden was observed, these differences were not statistically significant (P > 0.05; Fig. 7D ). Likewise, in the O. ochengi in vivo model (Fig. 7E) , 7-and 14-day treatments with CBR715 eliminated >99% Wolbachia in O. ochengi adult males, on par with the 28-day doxycycline treatment control (Fig. 7F) , and no difference in percent recovery of implanted males was observed (Fig. 7G) . These data confirm the broad spectrum of activity of the optimized antiwolbachial quinazoline series and the continued superior performance of this series compared to doxycycline in in vivo preclinical rodent models of diverse filarial infections.
DISCUSSION
Here, we describe an accelerated drug discovery platform for the identification of antiwolbachial compounds and translation of these to efficacious leads in in vivo models of filarial infection. Previous screening efforts using high-throughput insect cell-based assays have identified antiwolbachial compounds active in vitro, yet translation of these hits to in vivo models and the clinic has been challenging for a number of reasons. First, Wolbachia are obligate intracellular bacteria and may only be propagated within appropriate host cells. Because no nematode cell lines have been developed, for highthroughput screening drug discovery, researchers have relied on insect cell lines infected with Wolbachia strains that are specific to these hosts (25, 28, (40) (41) (42) . Fortuitously, there are substantial similarities in the genetics and cell biology of the Wolbachia species Vehicle control and a 14-day doxycycline control (40 mg/kg BID) were included in each independent experiment. Medians with 95% confidence interval are shown, and median elimination (%) is reported. mpk, mg/kg; nd, no significant difference. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. that warrant using the infected insect cell lines as a primary screen and a high-throughput proxy for filarial Wolbachia-based assays. However, there are also considerable differences between Wolbachia strains, demonstrated not only by host range but also by their genomes. For example, Foster et al. (43) reported a greater reduction of B. malayi Wolbachia wBm genome (in total size and predicted gene number) compared to D. melanogaster Wolbachia wMel. Thus, compounds identified in whole-cell screens against insect Wolbachia may hit targets that are sufficiently divergent or even absent in filarial Wolbachia. Similarly, compounds that target a host cell factor to reduce Wolbachia load may be absent in filarial nematodes. Last, filarial nematodes may shelter Wolbachia from compound action through limited permeability, compound metabolism, and/or excretion.
To address these limitations, following up on initial studies (25), we developed an orthogonal assay in filarial nematodes that allowed us to rapidly assess antifilarial Wolbachia activity of our primary screen hits. We used B. pahangi, a filarial parasite of cats that can also infect humans (44) , because these worms are closely related to B. malayi (45) but can be maintained in an animal host (jirds) in larger quantities and, therefore, are more readily available. We focused our evaluation of Wolbachia load within worm ovaries for a number of reasons because this population appeared less sensitive to compound treatment than Wolbachia in the hypodermal chords of the animals, providing a more rigorous and pertinent readout of antiwolbachial compound action. A similar differential susceptibility to compound action in the hypodermis versus the ovaries has been previously observed in vivo in O. ochengi adult worms after antibiotic treatments in cattle (31) . The difficulty in eliminating different clades of Wolbachia from ovaries of different species of worms (Wolbachia supergroup D in Brugia spp. reported here and supergroup C in Onchocerca spp.) further supports the relevance of this tissue for assessment of antiwolbachial compound efficacy. We used Wolbachia 16S rRNA FISH to detect the bacteria in both the cell-based highthroughput assay and the ex vivo worm-based assay. In addition to its inherent specificity, rRNA provides a more sensitive viability metric because it is less stable than DNA, allowing us to observe Wolbachia elimination in worm ovaries after only a relatively short 3-day treatment ex vivo. Although true markers of viability can be challenging to use in high-throughput screens, this approach gave us confidence in our ability to select fast-acting, antifilarial Wolbachia compounds.
In our primary insect cell-based screen, we identified known drugs with potent and selective antiwolbachial activity. Among these were antineoplastics and signal transduction modulators, which potentially exert their activity by affecting host cell processes exploited or required by this obligate intracellular bacterium. For example, Wolbachia has been found to alter lipid metabolism of mosquitoes Table 2 . Wolbachia elimination from female adult worms achieved after quinazoline treatment in the mouse/L. sigmodontis in vivo model of filarial infection. For ease of interpretation, efficacy values are presented in table cells colored on a sliding scale with excellent efficacy (>99 to 98% elimination of Wolbachia) in green, medium levels of efficacy (95 to 80% elimination) in yellow, and inferior levels in orange (70 to 40% elimination) and red (<30% elimination).
Dose (mpk)
Days of dosing CBR063 CBR422 CBR625 CBR715 CBR417 CBR490 1 2 3 4 5 6 7* 8 9 10 11 12 13 14 (46), and insulin signaling and the target of rapamycin (TOR) complex 1 pathway have been implicated in controlling Wolbachia titers in D. melanogaster (47, 48) . Accordingly, in our screen, we identified mammalian target of rapamycin (mTOR) inhibitors and drugs affecting cellular metabolism (e.g., drugs for diabetes and liver X receptor agonists). We also identified many antibiotics with antiwolbachial activity, including ones belonging to antibiotic classes that have been previously identified in similar insect cell-based screens and assays [tetracyclines, rifamycins, pleuromutilins, fluoroquinolones, and macrolides (ABBV-4083, an orally available derivative of the macrolide antibiotic tylosin, is currently being developed as an antiwolbachial therapy)] (27, 28, 41, 49, 50) and others that, to our knowledge, have not been previously reported (aminocoumarins and peptide deformylase inhibitors). We found that most of these known drugs and antibiotics did not efficiently eliminate Wolbachia from B. pahangi ovaries in our ex vivo validation assay, regardless of their impressive potency in vitro. Therefore, although we relied on the high-throughput assay to identify potential antiwolbachials, developing and using an orthogonal assay that evaluated compound efficacy against Wolbachia in parasitic worms allowed us to prioritize molecules with rapid antifilarial Wolbachia activity for further medicinal chemistry optimization. The desired profile for an antiwolbachial macrofilaricide compound is the ability to cause >99% depletion of Wolbachia in adult worms within 7 days of dosing in all three preclinical models of filarial disease (L. sigmodontis, B. malayi, and O. ochengi). The oxadiazole and methylpyridine leads (CBR625, CBR417, CBR715, and CBR490) proved efficacious in vivo, causing a >99% Wolbachia elimination in adult L. sigmodontis worms within the mandated dosing schedule of ≤7 days. In addition, the advanced methylpyridine lead CBR715 recapitulated this in vivo efficacy against Wolbachia in human parasite B. malayi and a close surrogate of O. volvulus (O. ochengi), demonstrating real promise in translation of the quinazoline series to a cure for human filarial infections. Our optimization strategy ultimately led to synthesis of leads CBR490 and CBR417 that, with just a single dose, were efficacious in vivo at eliminating >99% of Wolbachia from adult L. sigmodontis female worms. Abbreviated dosing schedules have a real advantage in treating infections in resource-limited countries and elsewhere because compliance and point of care distribution are greatly facilitated. Last, both CBR417 and CBR490 demonstrated safety in initial in vivo and in vitro preclinical profiling and did not show strong activity in vitro against L. loa microfilariae (IC 50 = 87 and 64 M, respectively) compared to the ivermectin control (IC 50 = 11.3 M), suggesting that they would be appropriate for administration to patients in L. loa-endemic regions after further safety assessments against L. loa microfilariae in vivo.
Despite the promise of these results, we note limitations and outstanding questions that need to be addressed before clinical translation of this work. Because of the length of time (years) needed for adult worm death after Wolbachia elimination, reduction in worm numbers in the murine assays is not anticipated and was not observed. However, the more immediate phenotype of worm sterilization was observed in the B. malayi murine model. Currently, we also have no evidence that the observed Wolbachia elimination is sustained beyond 4 to 5 weeks after treatment, and studies using in vivo jird models that can accommodate patent filarial infections for at least 6 months (51) are necessary to determine the lowest efficacious dose of quinazolines that prevent Wolbachia recrudescence. Last, treatment of the large, long-lived female worms belonging to the Onchocerca spp. represents the ultimate challenge, with females containing 20× more Wolbachia than males (52) . Therefore, further assessment of quinazoline efficacy in models that support Onchocerca female worms in vivo (such as the bovine model of infection) will likewise be required to determine efficacious dosing regimens. Recently, chemical optimization of the thienopyrimidine series identified in high-throughput screening led to the generation of AWZ1066, a compound with a quinazoline scaffold and increased efficacy against both insect and filarial Wolbachia (53) . However, quinazoline heterocycles are present in many biologically active compounds, and whether CBR417, CBR490, and AWZ1066 share the same mechanism of action is uncertain. Genetic manipulation of Wolbachia has not been developed, and its obligate intracellular lifestyle complicates target identification efforts, such as evolution of resistance and confirmation of putative targets via genetic means. AWZ1066 and many novel scaffolds identified in our primary screen, including the prototypical quinazoline CBR008, demonstrated very specific antibacterial spectrum of activity, which may indicate a Wolbachia-or Wolbachia host-specific target. This also suggests that the quinazolines may be narrow spectrum antibiotics, a favorable profile for treating filarial nematode infections while reducing the effects of treatment on the microbiomes of treated individuals.
In summary, our antiwolbachial drug development platform enabled the path toward a short-course oral therapy for elimination of Wolbachia-reliant filarial nematodes, including ones that cause lymphatic filariasis and onchocerciasis. Our work supports advancement of the oxadiazole and methylpyridine quinazoline subseries for additional preclinical safety assessment and indicates that quinazolines are a selective treatment for currently intractable filarial worm infections.
MATERIALS AND METHODS
Study design
The objective of this study was to identify antifilarial Wolbachia compounds with efficacy superior to that of doxycycline when administered with an abbreviated dosing schedule (≤7 days). Wolbachiainfected Drosophila cell-based high-content imaging assay was used to screen for potent antiwolbachial compounds, and putative hits were counterscreened in mammalian cells. Activity of potent and selective compounds was validated in an ex vivo whole-worm assay observing filarial Wolbachia reduction in B. pahangi adult female ovaries, benchmarking on doxycycline activity. In vivo experiments were designed to compare Wolbachia reduction in L. sigmodontis, O. ochengi, or B. malayi adult worms between different treatment groups, a gold standard doxycycline and a vehicle control, in a randomized design with multiple arms and shared controls. The Wolbachia single gene ftsZ/worm actin ratios were compared to the vehicle and doxycycline treatment. Where applicable, sample size, selection, blinding schemes, and replicates are provided in the figure legends, and in the Materials and Methods. Primary data are reported in data file S1. Black lines indicate significant differences between vehicle control and treatment groups, and blue lines indicate significant differences between doxycycline and treatment groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
Primary in vitro cell-based assay
Wolbachia-infected LDW1 cells (26) were maintained in Shields and Sang M3 (SSM3) insect medium (Sigma-Aldrich) supplemented with 10% heat-inactivated FBS (qualified, One Shot format, Gibco) at 25°C, in flasks with unvented caps. Assay plates (Greiner, part nos. 789071 and 789091) were prepared by coating with 0.5 mg/ml (384-well plates) or 1 mg/ml (1536-well plates) solution of concanavalin A lectin (MP Biomedicals). Compounds were acoustically transferred into coated plates using the Echo 555 Liquid Handler (Labcyte Inc.). Cells were trypsinized (TrypLE Express, Gibco), scraped, and seeded at 12,000 cells per well (384-well plates) or 4000 cells per well (1536-well plates) in SSM3 medium supplemented with 2% FBS. Plates were spun at 800 rpm for 3 min and incubated at 25°C. Six days after seeding, cells were fixed with 4% PFA for at least 10 min and washed with phosphate buffered saline (pH 7) and 0.1% Tween 20 (PBS-T). FISH was used to stain Wolbachia, and 3 M DAPI was used to stain DNA. The MultiFlo FX Multi-Mode Dispenser (BioTek) was used for concanavalin A coating, cell fixation, and staining of 384-well plates, and the "bottle valve" dispenser with an angled head (Kalypsys Inc.) was used for processing of 1536-well plates. Plates were imaged using the CX5 CellInsight Cellomics high-content imaging instrument with a 10× objective (Thermo Fisher Scientific). Each well was analyzed using compartmental analysis in HCS Studio (Thermo Fisher Scientific) for cell number and Wolbachia content (see Supplementary Materials and Methods). . After shipment, worms were immediately separated into 24-well plates, one animal per well, and allowed to recover for 2 days in high-glucose RPMI 1640 medium (the American Type Culture Collection modification; Gibco) supplemented with 10% minimum essential medium (Gibco) and 10% heat-inactivated HyClone FBS (GE Healthcare Life Sciences). Media were changed daily, and compounds were tested at indicated concentrations (0.1% DMSO). Gross motility of worms was observed by eye during treatment and compared to DMSO controls. After 3 days of treatment, animals were frozen at −80°C, thawed, and fixed for 20 min with 3.2% PFA in PBS-T. Ovaries were dissected out, stained for Wolbachia using a modified FISH protocol, mounted on slides using VECTASHIELD with DAPI mounting medium (H-1200, Vector Laboratories Inc.) and imaged using a confocal microscope (see Supplementary Materials and Methods). To reduce variability, worms originating from a single jird were used in each experiment. The experiments were carried out partially blinded because, with the exception of DMSO and doxycycline controls, the identity of tested compounds was masked during treatment, imaging, and analysis.
Orthogonal ex vivo
Statistical analysis
Percentage Wolbachia reduction in macrofilariae was normalized to median vehicle control values derived from the same experimental infection and screen. Where available, repeat experimental data were pooled after normalization. For analysis of Wolbachia depletion in in vivo experiments, where the majority of grouped data failed the D'Agostino and Pearson normality test (P > 0.05), a nonparametric Kruskal-Wallis test with Dunn's correction for multiple comparisons was used to determine significance, and medians with 95% confidence intervals are shown. Comparisons between vehicle and all treatment groups and doxycycline and all treatment groups were preselected. All statistics were computed using GraphPad Prism v6.0h.
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